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Introduction
Laser ablation is at the vanguard of the micro and nano manufacturing industries [1] [2] [3] . This technology has been continuously refined and improved upon in terms of laser fluence, optical resolution and production speed since the emergence of the technique in the late 1970s [3] . However, one area has continued to plague the laser ablation pattern machining sector: laser ablation generated debris [4] . Debris can contribute to beam attenuation after ejection but before deposition [5] . Debris can be generated in a mode that coats unimportant areas, areas still to be machined or worse still, features that have already been machined [6] .
Thus, debris poses a direct threat of lowering manufacturing yield by these means. To compound matters, debris can coat machinery, requiring costly downtime for cleaning and servicing [7] , or the debris can become airborne in the working environment of tool users, posing potential respiratory health issues [8] . The use a technique involving closed flowing thick film filtered water immersion of the sample during laser ablation has shown promise as a plausible solution for such problems [9, 10] ; however, the impact of such techniques on the basic laser machining characteristics are not extensively documented; only the effect of thin film open immersion on ablation rate and threshold having been previously detailed [11, 12] . This work will explore the impact of closed flowing thick film filtered water immersion laser ablation machining using KrF excimer laser radiation on the ablation threshold of bisphenol A polycarbonate in comparison to the machining properties of the same material in ambient air and, furthermore, the importance of liquid flow velocity, V, to the ablation threshold will also be explored in detail in this work.
The threshold fluence of laser ablation is useful in assessing the efficiency of a laser machining system at material removal. Losses in equipment or media surrounding the substrate will be most evidently be evidenced by use of this measureand, as it describes the minimum energy required from the laser for material ablation to commence []. The threshold is measured as a Beers law relationship, and thus a predicted threshold value (where surface modification ends and ablation commences) can be interpolated [].
In gaseous or vacuum media, various mechanisms such as phase explosion and surface evaporation [15, 16] , photothermal effects [17, 18] or photomechanical and acoustic interactions [19] act individually or in a combination thereof, as discussed in the review of Georgiou and Koubenakis [20] ; moreover, Prasad et al. have conducted extensive effort into modelling such interactions [21] . The introduction of a liquid to this system poses a significant modification to the interaction typical in gaseous or vacuum environments normally used for machining [22, 23, [24] [25] [26] [27] . A technique for delivering a long wavelength laser wavelength by use of a fine jet of water proves that use of such mediums do not pose unacceptable attenuation of the beam [28] . When using liquid as a media for laser ablation, Zhu et al. [23] demonstrated that a threshold film thickness for immersing liquids exists, lying at 1.1 mm. using a closed flowing thick film filtered water immersion depth below this value significantly reduces the ablation rate compared to that of ablation in ambient air. Use of an immersing liquid depth greater than the 1.1 mm value and the opposite is true. The cause of this is identified and explained by Dowding and Lawrence [11] , where splashing is witnessed when using thin film regime flowing open immersion -thus signifying the explosive rupture of the immersing thin film of liquid by the ablation plume, which negated all action of ablation plume etching. Simultaneously, the immersing liquid film contained the plume long enough to significantly reduce laser etching by Bremstrahlung attenuation. This theory relies on the principle of acoustic type surface etching as described by Dyer et al. [29] , where violent excitation of the substrate surface layers results in shear cracking and then ejection of solid species from the surface; application of a confined ablation plume, as can be produced by closed flowing thick film filtered water immersion will amplify such acoustic effects. Also, the ejection of surface melt and advent of surface evaporation, generated by ablation plume heating, a probable phenomenon in gaseous media [14] , will be amplified by the action of thermodynamic compression of the ablation plume by the confining liquid media. The existence and efficacy of ablation plume etching can be proven by the example of laser induced backside wet etching (LIBWE), pioneered by Wang et al. [30] LIBWE has been shown to reduce laser ablation threshold fluence for wavelength transparent materials, such as Quartz for excimer laser applications, by more than an order of magnitude [31, 32] . Work has been conducted to investigate the effect of open immersion on the ablation rate of excimer laser ablation of bisphenol a polycarbonate [27, 11, 12,] . A number of limitations were observed and causes diagnosed. Splashing was a common occurrence during machining.
This was attributed to irregular but broadly increased plume pressure, which significantly attenuates the laser beam en-route to the sample surface [12] . In a thick film regime, the volume of liquid above the ablation plume confines the plume expansion and prevents it from free expansion in the manner allowed by the less viscous medium of ambient air, thus the compressed, high pressure ablation plume attacks the surface of the sample to be machined causing a high etch rate due to the plume which more than compensates for the loss of laser etching due to inverse Bremstrahlung attenuation [23, 24, 25, 12] . When using open thin film immersion, the same volume of liquid is not available to confine the ablation plume pressure, causing a threshold pressure exists in this condition; once exceeded, rupture occurs and plume gas escapes violently from the covering liquid film into the ambient air above, producing liquid splashing as a by-product [12] . The action of turbulence, instigated by the non-symmetrical drag profile, combined with the strong contribution of meniscus instability such as inertial, capillary and viscous effects, described schematically in Figure 1 
Experimental Procedures

Material Details
Bisphenol A polycarbonate (Holbourne Plastics, Ltd), was as received in 1200 x 1000 mm 2 sheets of 0.5 mm thickness. Prior to excimer laser processing, the bisphenol A polycarbonate sheet was cut into rectangular sections of 8 x 12 mmtechnique which avoids production of debris. Protective cover sheets were then peeled off each sample.
Laser Details and Experimental Set-Up.
For both closed flowing thick film filtered water immersion and ambient air processing, an excimer laser (LPX200; Lambda Physique, GmbH) using KrF as the excitation medium was used to produce a beam with a wavelength of 248 nm. Thereafter, the beam was supplied to a laser micromachining centre (M8000; Exitech, Ltd), where it was passed through a stainless A sample included six machined sites, each produced using 50 pulses in the same machine run with uninterrupted filtered water flow over the sample during machining. The system attenuator was used to change pulse energy by a repeatable amount between sites. Attenuator positions used were: 0.5, 0.6, 0.7, 0.8, 0.9 and 1.0; Figure 2 shows the corresponding fluence values measured using this mask, for ablation in ambient air and under filtered water immersion respectively, that produced features of 203 x 205 µm 2 . This fluence data was calculated from pulse energy data taken using a pulse energy head (J50LP-2, Molectron
Detector, Inc.) positioned above the focal point of the laser, and enumerated by a laser energy meter (EM400, Molectron Detector, Inc.). The fluence was calculated using the mean beam energy measured (averaging techniques were employed for experimental rigour: beam pulse energy was recorded five times before and after machining each sample, every value recorded was the mean value measured over 100 pulses -between readings the attenuator was reset to account for attenuator position errors) so that any changes in laser output over time were accounted for.
Ambient Air Laser Processing
Samples machined in ambient air were produced, using the same laser and micromachining equipment as the closed flowing thick film filtered water immersion ablation samples. The bisphenol A polycarbonate samples were mounted directly to the vacuum chuck inside the micromachining station (M8000, Exitech, Ltd). After lasing ended the sample was removed and placed into the cell of a sealed sample tray to protect them from atmospheric dust. .70 m/s were used for this work; the flow rates used to achieve these flow velocity values are given in Table 1 .
Closed Thick Film Filtered Water Immersion Laser Processing Procedure
Sample Analysis Techniques
The ablation depths were measured using a dragged needle profiler (CM300 Talysurf; Taylor-Hobson, Ltd). Five passes were made across the surface of the sample and into each feature at 50µm intervals. To minimize the possibility of profile error, the mean average depth of each sample feature was then calculated from a selection of three profiles for each sample feature. To guard against outlier samples being produced and effect the ablation threshold measurements taken, all data plotted for interpretation in these results are mean average values taken from the data produced by three sample features machined using each flow velocity.
Impact of closed thick film filtered water immersion on ablation threshold.
Ablation threshold is a useful tool for measuring the effectiveness of a technique at etching a material: low threshold fluence indicates that minimal laser energy is required to remove material from a substrate. Figure 4 shows two plots describing the feature depth machined against the natural log of the laser fluence required. In the standard way, each plot has been fitted with a linear trend line that has been extended to predict the natural log of the minimum laser fluence required to etch the material. The solid trend line in Figure 4 closed filtered water immersion is 7.5% more efficient at etching bisphenol A polycarbonate than laser ablation in ambient air. This is a result that agrees with the previous work of others [22] [23] [24] [25] [26] [27] , who collectively determined that the increased etching efficiency with respect to laser fluence is due to the action of plume etching. Plume etching occurs when the ablation plume is prevented from expanding by a viscous surrounding medium [22] . Under compression, the gaseous species, initially generated by photonic interaction with the sample, have increased temperature when compared to similar gases inside an ablation plume, it is therefore able to expand with ease. These gasses aggressively attack the surface of the sample, so, restricted plume expansion by use of a viscous surrounding media gives rise to plume etching. This is in contrast to the effects of laser ablation machining under open thin film immersion [11] , where the loss in ablation efficiency was accredited to the action a plume motivated rupture. Here, the high pressures initially generated inside the plume, that 
Flow -plume interaction states.
A more detailed explanation of the impact of increasing flow velocity on the ablation threshold under closed thick film flowing filtered water immersion is made clear by Figure 6 .
The premise of the closed flowing thick film filtered water immersion technique is to entirely
clear the image area of debris produced by a laser pulse before the following pulse arrives, thus the velocity of the flow with respect to the pulse frequency is critical. Whereas very low flow velocities do not remove debris reliably between pulses, resulting in unreliable laser fluence at the sample surface (see Figure 6 (a)); using a flow velocity that is sufficiently high to fully and reliably clear debris from above the feature, but lower than the optimum flow velocity, causes total etch rate loss due to the Bremsstrahlung attenuation of the fully developed compressed ablation plume, (see Figure 6 (b)). But, this loss is compensated for by the etching action of the plume (see Figure 6 (b)). The optimum flow velocity is achieved when the immersing liquid washes a proportion of the ablation plume away during the laser pulse, not allowing excessive Bremsstrahlung attenuation, but simultaneously not completely destroying the ablation plume, thereby preserving the action of plume etching, a state illustrated by Figure 6 (c). When greater than optimum flow velocities are used they allow maximum laser etching, the high viscosity of a liquid medium will deform the ablation plume during the laser pulse, reducing the plume etching mechanism described in the literature [24] [25] [26] [27] by removing the ablation plume before it has fully developed (see Figure 6(d) ). These four states are described in terms of etching contribution by laser and plume by the hypothetical plot in Figure 8 . The data generated in this work shows that direct laser ablation etching is still the dominant factor in this interaction, as the curve in Figure 5 velocities, leaving just the action of laser etching, at mechanism that relies on mechanical and chemical interactions [19, 20] .
The average ablation threshold fluence can be plotted with respect to the closed thick film filtered water immersion fluid flow velocity (see Figure 9 ). Initial inspection of Figure 8 supports the states described in detail above. Sub optimum turbulent flow produced a maximum threshold, measured to be 126.52 mJ/cm 2 , denoting poor etching efficiency, where high Bremsstrahlung attenuation limited laser etching, the size of the plume and therefore the aggressive etching action of the compressed hot gasses inside a water immersed plume, as described to the left of Figure 8 . As the flow velocity is increased towards the optimum threshold value of 111.76 mJ/cm 2 , the ablation threshold fluence drops. This is what one would expect to happen as the magnitude of laser etching and plume etching increased together. As the flow velocity rises beyond 3.24 m/s to the maximum magnitude tested, the threshold fluence begins to rise slightly again to 115.71 mJ/cm 2 , where the ablation plume was beginning to be washed away before it was able to become fully developed, leaving only the action of laser etching to remove material.
Importance of fluence on ablation threshold under closed thick film filtered water immersion.
The previous discussions only take into account the average ablation threshold measured across all laser fluences. If the data is split to high fluence data and low fluence data, two plots can be generated; these show a clear contrast to each other. In Figure 10 
Conclusions
The use of turbulent flow velocity regime closed thick film filtered water immersion ablation results in an average decrease in ablation threshold of 7.5%, compared to ablation using a similar beam in ambient air. This is the result of the combined action of laser etching and ablation plume etching, which is a symptom of the plume pressure being increased as the expansion of the plume is restricted by viscous surrounding liquid medium.
Conversely, laminar flow velocity regime closed thick film filtered water immersion ablation results in a decrease in ablation threshold of just 0.3% compared to ablation using a similar beam in ambient air; thus, it can be likened to a negligible gain. This is interesting as it suggests a shift in ablation mechanism.
To investigate this theory, the effect of flow velocity on the ablation threshold has been 
